In several types of infection, in addition to the well-established EBNA, LMP and EBER genes, Epstein-Barr virus (EBV) has been found to express various spliced RNAs transcribed rightward from the region spanning 150,000 to 161,000 on the B95-8 EBV genetic map. These have been referred to as complementary strand transcripts (CSTs), BamHI A rightward transcripts (BARTs), or the BARF0 RNAs. RNAs of this type were originally identified in cDNA made from the C15 xenograft culture of nasopharyngeal carcinoma (NPC) tissue (17) . Similar RNAs were subsequently found in various EBV-positive NPC tumor biopsies and xenografts, Burkitt's lymphoma, lymphoid cell lines (LCLs) (3, 6, 11, 15, 19, 31, 43) , and biopsies of oral hairy leukoplakia (24) . Expression of CST RNAs has also been demonstrated in peripheral blood of normal human carriers of EBV (5) , sera from NPC patients have been found to immunoprecipitate a protein product of the BARF0 open reading frame (ORF) made in vitro (12) , and cytotoxic T lymphocytes that respond to a peptide derived from BARF0 have been identified in EBV-infected people (22) .
A very complicated picture of alternatively spliced CST RNAs has built up (36, 38) , but some of the proposed structures have been deduced using very sensitive reverse transcription (RT)-PCR methods or have been only single isolates from cDNA libraries, and thus they may yet represent very minor species within the family of RNAs that can be expressed. Predominant sizes of the RNAs expressed have been deduced from Northern blots, but these have only partly been related to the spliced RNA structures. In addition, the coding content of the CST RNAs remains uncertain. Most attention has focused on the BARF0 ORF, particularly a spliced form called RK-BARF0, located near the common 3Ј end of the RNAs, since this is the longest ORF. Protein expression has been reported for this ORF in cells infected by EBV (10) , but these data have been complicated by a subsequent report (21) indicating that the antibody used cross-reacts with a cell protein similar in size to that predicted for the viral ORF, casting doubt on the specificity of the original results. No function has yet been reported for a product of the BARF0 ORF.
In this paper we report the structures of the first full-length cDNA clones for the CST family, compare by RNase protection assay (RPA) the abundance of various spliced forms of the RNA structures, and reexamine the coding potential of the RNAs. These results suggest that attention should now be directed to some of the smaller ORFs upstream of BARF0, the predicted products of which may have functions relevant to the observation that CST RNAs are frequently found to be expressed in human cancers containing EBV.
MATERIALS AND METHODS
Isolation of cDNA clones. An oligo(dT)-primed cDNA library was constructed from 5 g of polyadenylated RNA isolated from the C15 tumor using a TimeSaver cDNA synthesis kit (Pharmacia) and cloned into an EcoRI-digested gt11 vector (Stratagene). To isolate large or full-length clones, duplicate lifts were taken from a total of 5 ϫ 10 5 plaques. One set was then screened with an RsaI fragment from the 3Ј end of the CSTs (EBV coordinates 160250 to 161063), and the other was screened with a BglII-SspI fragment containing exon I (EBV coordinates 150462 to 151009).
The library was separately probed with an XhoI restriction fragment (EBV genome coordinates 155939 to 156325) together with a duplicate set probed with the RsaI clone described above.
Positive clones were plaque purified, transferred into plasmids, and analyzed by sequencing and restriction digestion.
RPA.
RNA was extracted from cell lines and the C15 NPC xenograft, using RNAzol B (Tel-Test Inc.) RPAs were performed as described previously (37) .
Primer extension. HeLa cells were transfected using calcium phosphate (13) with a plasmid (SK) containing the CST promoter region (EBV coordinates 150201 to 151282) cloned upstream of the chloramphenicol acetyltransferase (CAT) reporter in pCAT Basic (Promega) or with pCAT Basic as a control. At 48 h posttransfection, the cells were harvested and total RNA was extracted using RNAzol B. Primer extension reactions were performed as described previously (38) , using 25 g of total RNA hybridized to a labeled oligonucleotide probe, GAAGAGGCTAGTGCCTACG (EBV positions 150762 to 150744), within CST exon I. Extension products were resolved on a 7.5% sequencing gel and visualized by autoradiography.
Expression of RPMS1. ORFs within the full-length cDNA clones were cloned after PCR amplification into pcDNA3 vector (Invitrogen). Flag sequences were introduced into the RPMS1 ORF by PCR protocols. Similar Flag sequences were also introduced into the RPMS1 ORF within the full-length cDNA. cDNA clones containing either the tagged RPMS1 ORF alone or the full-length clone containing a tagged RPMS1 ORF were then transfected into 293 cells by using Superfect (Qiagen). Transfected cells were harvested and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) through a 12.5% gel, transferred to a polyvinylidene difluoride (PVDF) membrane, and probed with the anti-Flag monoclonal antibody M2 (Sigma).
In vitro transcription and translation. Full-length cDNAs in pcDNA3 were linearized with XbaI; transcripts were synthesized using the T7 message machine kit (Ambion) and translated separately using a wheat germ translation system (Ambion). Products were separated by SDS-PAGE on a 12.5% gel and transferred to a PVDF membrane which was blocked (5% dry milk-phosphatebuffered saline [PBS] ) and probed using a rabbit anti-RPMS1 peptide (SGQPR WWPWG) antibody, diluted 1:20 with milk-PBS. Following incubation with a goat anti-rabbit horseradish peroxidase conjugate (Dako), proteins were visualized using the Amersham ECL chemiluminescence system.
Immunofluorescence. Epitope-tagged RPMS1 was transfected into HeLa cells by calcium phosphate precipitation, and expression was visualized using the anti-Flag antibody M2. Flag-tagged A73 was transfected into 293 cells by calcium phosphate precipitation and stained for expression as follows. Cells were fixed in 4% paraformaldehyde in PBS (30 min at 4°C), rinsed with PBS, and permeabilized with 0.5% Triton X-100 for 30 min at 4°C. Cells were stained with anti-Flag (1:100 dilution) or anti-RACK1 (1:100 dilution) for 60 min at 4°C. RACK1 staining was visualized with fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin M (1:20; Sigma); Flag-tagged anti-A73 staining was visualized with tetramethyl rhodamine isothiocyanate-conjugated anti-mouse immunoglobulin G.
Fusion proteins. RPMS1 ORF from the full-length cDNA clone was cloned into the pGEX-2 vector, using BamHI and EcoRI sites introduced by PCR amplification. RPMS1(34-103) was subcloned as a PstI-EcoRI fragment (PstI site at amino acid 34) into pBluescript vector and then recloned via the BamHI/ EcoRI sites into pGEX-3.
A73 fusion protein constructions were generated by PCR, introducing BamHI and EcoRI sites at the N and C termini of A73 so that the products could be cloned into pGEX-4T. The resulting glutathione S-transferase (GST)-A73 fusion was then PCR amplified to introduce a HindIII site at the 5Ј end of the GST protein and subcloned into pcDNA3.
In vitro CBF1 binding assays. Linearized vector containing the CBF1 ORF was labeled in vitro with [ 35 S]methionine by in vitro transcription and translation (Promega). Single bacterial colonies containing the relevant plasmids were picked into 5-ml cultures, grown overnight at 37°C, diluted (1:10) into 25-ml cultures, and grown, with shaking, for a further hour. Expression of fusion proteins was induced by the addition of 0.1 mM isopropyl-␤-D-thiogalactopyranoside, and cultures were propagated for a further 3 h. Bacteria were harvested, resuspended in PBS containing protease inhibitors, and sonicated for 20 s on ice; debris was removed by centrifugation at 13,000 ϫ g for 10 min, and the supernatant was incubated with glutathione beads (Sigma) for 30 min at 4°C. The resin was washed five times in 1 ml of PBS and then resuspended in 0.5 ml of PBS. Radiolabeled CBF1 (1 l) was added to each sample and incubated for a further 30 min at 4°C. Complexes were washed a further five times with 1 ml of PBS containing 0.05% Tween and then eluted from the beads using 250 l of protein sample buffer and heat (95°C for 2 min). Eluted complexes (50 l) were separated by SDS-PAGE on 10% gels and dried, and bound CBF1 was visualized by autoradiography. After separation by SDS-PAGE, complexes were analyzed by Western blotting and probed with monoclonal anti-GST antibodies (a gift from S. Dilworth) to determine relative levels of fusion proteins in each reaction.
RPMS1-CBF1 interactions in yeast. Saccharomyces cerevisiae and yeast plasmids pAS1-CYH2 and pACTII were obtained from S. Elledge (Baylor College of Medicine, Houston, Tex.). The RPMS1 ORF was fused to the Gal4 DNA binding domain in pAS-CYH2, and the various segments of the CBF1 ORF were fused to the Gal4 activation domain in pACTII. pAS-CYH2-RPMS1 and the different pACTII-CBF1 plasmids were cotransformed into S. cerevisiae Y190 (7). Each transformation mixture was plated on either SC medium lacking tryptophan and leucine (SD ϪTrp, ϪLeu; selection for the presence of both plasmids) or SC medium lacking tryptophan, leucine, and histidine but including 40 mM 3-aminotriazole (3-AT; Sigma) (selection for the presence of both plasmids and for interaction between RPMS1 and CBF1). Plates were incubated at 30°C for 5 days. Colonies from the ϪTrp, ϪLeu plates were further tested for ␤-galactosidase activity with a filter lift assay (2) .
Yeast two-hybrid screen. A73 was introduced into the pLEXA plasmid (Clontech) and was used as bait to screen a HeLa yeast library (Clontech) cloned into the pB42AD vector. Briefly, the bait and library plasmids were cotransfected into EGY48[p8op-lacZ] yeast cells and plated onto SD ϪUra, ϪTrp, ϪHis plates. All resulting colonies were collected and replated at high density on selection plates (SD ϪUra, ϪHis, ϪTrp plates additionally lacking Leu and containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside [X-Gal]). Positive colonies, as determined by growth and development of blue color, were collected. DNA was extracted from the yeast colonies, and activation domain library inserts were isolated by PCR amplification and sequenced.
To confirm interaction, library and bait plasmids were isolated, purified, and cotransfected back into yeast. The yeast cells were streaked on either SD ϪHis, ϪTrp, ϪUra plates to confirm the presence of both partner plasmids or on selection plates (SD ϪHis, ϪTrp, ϪUra, ϪLeu plus X-Gal) to test for interaction.
CAT assays. HeLa cells (5 ϫ 10 5 ) were transfected by calcium phosphate precipitation with plasmid pPDL83A (1 g) containing four copies of the 100-bp EBNA-2-responsive region of the EBV C promoter (Cp) ligated upstream of the E1b promoter of E1b-CAT (pGH262). Activation of Cp was induced by cotransfection of either 1 g of pPDL151 (26) , encoding EBNA-2 under the control of the simian virus 40 (SV40) promoter/enhancer in vector pSG5 (Stratagene), or 1 g of pJH197 (identical to mNotchIC-E2TANLS [18] ), encoding NotchIC under the control of the SV40 promoter/enhancer in plasmid pSG5. The effect of RPMS1 was assessed by cotransfection of 5 g of RPMS1 plasmid, RPMS1(34-103), RPMS1(SR), or pcDNA3 (vector without insert control), each under the control of the cytomegalovirus (CMV) immediate-early promoter (pcDNA3 vector; Invitrogen). In RPMS1(SR), the WW amino acids have been altered to SR by site-directed mutagenesis. Two days after transfection, CAT activity was determined (18) ; acetylated chloramphenicol levels were quantitated by fluorimetry. All experiments were carried out three times, and the results are shown as means of three experiments, normalized to the values for EBNA-2 or NotchIC activation.
Luciferase assays. The reporter plasmid pJH26A (6 g), containing eight CBF1 binding sites cloned upstream of a luciferase gene, was transfected by calcium phosphate precipitation into HeLa cells together with 1 g of pPDL151 (EBNA2) or 1 g of pJH197 (NotchIC) and 5 g of either RPMS1, RPMS1(34-103), RPMS1(SR), or pcDNA3 (vector control). Expression of luciferase was determined in cell extracts made 2 days after transfection, using a luciferase assay kit (Promega) and a Jade luminometer (Labtech). Assays were equalized for protein content by using a Bio-Rad protein assay kit, and results are shown as means of duplicate readings from three experiments, normalized to the values for EBNA-2 or NotchIC activation.
Coprecipitation of A73 and RACK1. GST-A73, GST-RPMS1, or GST alone cloned in pcDNA3 vectors was transfected into 293 cells (10 6 ) by using Superfect (Qiagen). Thirty minutes prior to harvest, cells were treated either with 100 ng of phorbol myristate acetate (PMA) in dimethyl sulfoxide or with dimethyl sulfoxide alone. Cells were harvested, resuspended in 100 mM NaCl-25 mM Tris-Cl (pH 7.6)-2 mM MgCl 2 -0.5% NP-40-protease inhibitors, incubated at 4°C for 60 min, and then centrifuged at 13,000 ϫ g for 15 min at 4°C. A portion was retained as a total extract control, and the remainder was incubated with glutathione-agarose beads (Sigma) for 3 h at 4°C. The beads were washed five times with PBS containing 0.25% NP-40; following the final wash, the beads were resuspended in SDS-gel sample buffer and boiled for 2 min. The eluted proteins were separated by SDS-PAGE on a 12.5% gel and transferred to PVDF membranes. The membranes were probed with anti-RACK1 or anti-GST monoclonal antibodies as described above.
Nucleotide sequence accession numbers. The sequences of the A73 and RPMS1 cDNAs have been deposited in the EMBL data library (accession no. AJ251096 and AJ251097, respectively).
RESULTS
Analysis of CST family RNAs. We previously proposed a promoter and first exon for the CST transcripts (38) . This was confirmed by RPA (36, 38) . cDNA structures were assembled by linking overlapping partial cDNAs or PCR fragments. However, no cDNAs representing full-length mRNA were isolated directly by cloning from cDNA libraries. The very complicated nature of the splicing of the CST RNAs, uncertainty about whether the transcription start site at about 150641 represents the only promoter for these RNAs, and the possibility of RT-PCR methods giving prominence to minor transcripts selected by the choice of primers made it important to establish a complete structure for a CST RNA. By screening a cDNA library from C15 with probes in the exon I and exon VII regions ( Fig. 1) , we isolated four clones hybridizing to both probes. Two of these were completely characterized by nucleotide sequencing (structures RPMS1 and RPMS1A [ Fig. 1]) . The 5Ј ends of these clones were at 150640 and 150690 on the B95-8 EBV sequence. The other two clones were characterized by restriction digestion and partial sequencing and appeared to be independent clones of the RPMS1 cDNA; the most frequent structure detected using these probes on the C15 library was thus the RPMS1 type ( Fig. 1 ). Since the library had been amplified, this might not be a true reflection of the relative abundance of this splicing pattern, but further RPA analysis (9) is shown beneath a scale in kilobases, the segment deleted in B95-8 being numbered separately (30) . RNA structures are shown as horizontal arrowed lines, and the three cDNA structures described in this paper are labeled A73, RPMS1A, and RPMS1. The CST exons are marked, and their coordinates are shown below. Numbers refer to the end nucleotides present in the spliced RNA at exon boundaries and relate to the B95-8 EBV sequence (1), except for exons IB, II, III, IIIA, IIIB, and IV, which are from the Raji EBV sequence (30) . The protein sequences of RPMS1 and A73 are shown below in the one-letter amino acid code.
(see below) suggests that this type of RNA is a significant component of the CST family in C15 cells. Further screening of the library using probes in the exon V and VII regions ( Fig. 1 ) gave clones which either were consistent with the RPMS1 structure or were of the A73 type. The A73 structure has been isolated by several groups using cDNA from NPC biopsies (6), lymphoid tumors (44), or C15 (36) , but the clone that we have found is the longest reported so far. It is probably still a partial clone; its 5Ј end was at position 156007 in the B95-8 EBV sequence. All of the cDNAs had a poly(A) addition following base 160989 of the B95-8 EBV sequence and included a poly(A) tract. There were no sequences changes from B95-8 in the A73 clone and only three nucleotides different in the 5Ј part of the RPMS1 clone.
Previously published structures for CST RNAs have exon I linked directly to exon II. Two further novel exons (IA and IB) are also shown in Fig. 1 . These were detected by PCR analysis of the cDNA library using primers in exon 3 and the lambda flanking sequence. The structures contained exons I, IA, II, and III or I, IB, II, and III. The quantitative significance of these exons in the total RNA population is unknown, but they further underline the complexity of splicing possible in the CST RNAs. The section of the map in Fig. 1 between 149000 and 152000 has been drawn using the B95-8 EBV sequence, but exons I and IA are also conserved in the sequence of Raji EBV in that region (data not shown).
Previous cDNA analysis suggested multiple start sites for exon I in the range 150641 to 150648; the 5Ј end of the RPMS1 cDNA was at 150640. Although there is considerable evidence to support exon I as the major start of CST RNAs, 5Ј RACE (rapid amplification of 5Ј cDNA ends) analysis indicated the existence of RNAs initiated at least 120 nucleotides (nt) upstream of this point (37) . To further validate the proposed 5Ј end of the CST RNAs, exon I was assayed by RPA using RNA from the C15 NPC xenograft and various cell lines. The genomic probe overlaps exon I at both ends (Fig. 2A) ; thus, when combined with the cDNA sequencing ( Fig. 1) and primer extension data shown below, protection of the approximately 125-nt exon I fragment indicates initiation at about 150645 and splicing at position 150769. As expected, the 125-nt band characteristic of exon I was readily detected in C15 RNA (Fig. 2B) .
Expression of this exon was also found at a lower level in the LCLs NAD, BMϩAkata, and LCL3. NAD contains the EBV from C15, BMϩAkata contains Akata EBV, and LCL3 contains B95-8 EBV. Some of the RPAs also showed a longer band at about 200 nt; this was too small to correspond to RNA initiated far upstream of the mapped promoter and spliced at the exon I boundary but matched the size predicted for correctly initiated RNA that had not spliced at the 3Ј end of exon I. There was thus no evidence in these assays for significant levels of RNA transcribed in the 200-bp region upstream of exon I.
To confirm the promoter activity at this location, a plasmid (SK) was constructed that contained B95-8 EBV sequences 150199 to 151283 cloned upstream of a CAT reporter gene with the SV40 poly(A) addition signal at its 3Ј end to permit the formation of stable RNA. When this was transfected into the epithelial cell line HeLa, exon I RNA was readily detected by RPA (Fig. 2C) . Primer extension analysis of RNA from a further transfection of the same plasmid confirmed the initiation site as about 150645. These transfection experiments show that EBV sequences 150199 to 151283 are sufficient to allow substantial promoter activity, initiating at a position similar to that for RNA from EBV-infected cells. A more detailed analysis of sequences involved in transcription from this promoter will be published elsewhere.
To further characterize the major CST RNAs and determine whether the splice patterns shown in Fig. 1 comprise a significant portion of the CST RNA, RPAs were performed with probes derived from the cDNAs spanning some of the splice junctions (Fig. 3) . With these probes, full-length protection of the EBV content of the probe corresponds to splicing as in the probe; smaller protected fragments arise from differently spliced or unspliced RNA. The level of contaminating EBV DNA in the RNA preparations was so low as to be insignificant in these assays (for example, there was no full-length protection of the exon I probe in Fig. 2B ). Probe 359 was tested on C15 and the B95-8 LCLs LCL3 and IB4 (Fig. 3A) . In IB4, EBV DNA is present at only a few copies per cell and is integrated. In each case, the major band was at a size consistent with full-length protection of the EBV content of the probe, the signal being stronger in C15 than in the LCLs. In C15 some smaller, lower-level protected fragments were also detected. The sizes of these were consistent with individual CST exons, but it was clear that most of the RNA containing these exons was spliced in the A73 pattern in this region. Probe 340 (Fig.  3B) showed both full-length protection of the EBV content of the probe (i.e., spliced like the probe) and 298-and 41-nt fragments corresponding to discontinuity with the probe at the splice junction (for example, like the RPMS1 cDNA). This probe would conveniently also reveal use of the RK-BARF0 splice junction (10, 37), but there was no noticeable signal at the 235-nt position this would produce, suggesting it is only a minor component of the RNA in the cells tested. In C15 about 11% of the RNA had the A73-type splice in the 340 probe region (Fig. 3) ; in the LCLs, the proportion of A73 type splicing was higher, although the total amount of CST RNA was lower. The RPMS1 probe (Fig. 3C) showed mainly full-length protection of the EBV content of the probe (i.e., most of the RNA hybridizing to the probe contained the exon IV to exon V splice), but there was some signal probably corresponding to exon V alone. Exon IV is deleted in the B95-8 strain, and so LCL3 gave only the exon V band. There was no noticeable signal at the position that would be predicted for the RPMS1A splice, suggesting that only a minor fraction of the RNA has that structure.
These results indicate that the splices shown in the RPMS1 and A73 cDNA structures covering parts of exons V, VI, and VII represent a substantial proportion of the CST RNA in the cell lines tested and will be relevant to interpretation of the potential coding content of the CST RNAs. Comparison of the RPA signals from the A73 (340) probe with the GAPDH signal suggests that this CST RNA is about 750-fold less abundant than GAPDH in C15, putting this RNA in the lower abundance class of RNAs. In LCL3, the A73 (340) signal was about 10-fold weaker than in C15.
Possible coding content of CST family RNAs. The original interpretation of the EBV genome coding content (1) proposed a reading frame called BALF3, but no leftward RNA was detected that might encode this reading frame in B95-8 cells. The subsequent discovery of the CST RNAs (17) led to the possibility that the overlapping ORF on the opposite strand (BARF0) is the important gene in this region; attention has subsequently been focused on BARF0. However, it is now clear that BALF3 equivalents are present in all human herpesviruses that have been sequenced. The degree of protein sequence homology is substantial (Fig. 4A) , particularly among the gammaherpesvirus group, and in herpes simplex virus (HSV) the equivalent gene has been shown to have an essential role in localization of capsids to intranuclear sites where DNA is cleaved and packaged (23, 39) .
Another point against BARF0 expression from most of the CST RNAs is that the BARF0 ORF does not end with a termination codon in the cDNA clones that we have analyzed. Although the genomic sequence of EBV contains a termination codon at the end of the BARF0 ORF, in all of the sequenced cDNA clones, either from C15 or oral hairy leukoplakia biopsy cDNA, the point of poly(A) addition is just before the termination codon (Fig. 4B ) so that BARF0, if translated, would apparently extend into a long run of AAA (lysine) codons [the poly(A) tail] without a termination codon. This has been discussed previously (36) , and it seems unlikely that such BARF0 ORFs would be translated. RNA which terminates at a later position has been detected using 3Ј RACE. It was concluded that up to 25% of CST RNA underwent poly(A) addition slightly further downstream, allowing proper termination (36) . None of the C15 clones reported above or a further five partial clones analyzed by nucleotide sequencing (data not shown) or the five oral hairy leukoplakia cDNAs (24) contained the termination codon for BARF0. Our data thus suggest that the RNA containing a conventionally terminated BARF0 ORF can be only a minor fraction of the CST RNA in the cells we have studied.
Inspection of the EBV map shows that many of the genes of EBV are organized as 3Ј-coterminal groups of transcripts, each RNA usually encoding its most 5Ј functional ORF. This would imply that ORFs upstream of BARF0 might be significant products of the CST RNAs. We have focused on two ORFs referred to here as RPMS1 (38) and A73. Systematic searching for ORFs in the sequences of the RPMS1 and A73 spliced RNAs (Fig. 1) identified these as the most likely to be significant, selecting on the basis of length (over 100 amino acids) and presence of an ATG initiator codon. Neither of these products has previously been identified at the protein level in EBV-infected cells. The limited quantities of antibody we have obtained so far against RPMS1 are of low titer and specificity and have not been suitable for screening cell lines and tissues for RPMS1 protein. However, we report below considerable evidence for functions of these proteins.
RPMS1. Since full-length cDNAs that include the RPMS1 ORF had been isolated and our data show that RNA containing these splices is a significant proportion of the CST RNA in EBV-infected cells, we tested whether the RPMS1 protein could be expressed from this type of spliced cDNA. A Flag epitope tag was cloned in frame into the RPMS1 ORF, and a plasmid containing the tagged RPMS1 cDNA under the control of the CMV immediate-early promoter was transfected into cells. Western blotting of total cell lysates showed that RPMS1 was expressed from the tagged cDNA; the same-sized protein was produced when the RPMS1 ORF alone was cloned downstream of the promoter (Fig. 5A) . Similar results were obtained using in vitro transcription and translation of analogous constructions without the Flag tag and Western blotting with an antibody to RPMS1 (Fig. 5B) . These results showed that the presence of the leader sequences upstream of the RPMS1 ORF in the RPMS1 cDNA is compatible with RPMS1 expression. When a similar Flag tag was placed in the BARF0 ORF within the same cDNA structure, no BARF0-Flag expression was detected in transfected cells (data not shown).
In the RPMS1A clone (Fig. 1) , the RPMS1 ORF is modified by the splicing so that it is shorter and has a different C terminus. It is intriguing that the RPMS1A C terminus includes a consensus protein signal for isoprenylation, but we have no evidence at present for expression or function of RPMS1A, and only a very small proportion of the RNA is spliced in the RPMS1A pattern in the RNAs tested in Fig. 3C . Inspection of the amino acid sequence of the RPMS1 ORF showed the presence of the amino acid sequence WWP (38) , which is very rare in protein sequences but is also found in the EBV EBNA-2 sequence. The WW motif in EBNA-2 is essential for the binding of EBNA-2 to the cell CBF1 (RBP-Jk) protein and the regulation of transcription by EBNA-2 through CBF1 (16) . The possibility that RPMS1 also binds to CBF1 was therefore considered. For binding to occur in cells, RPMS1 would have to be a nuclear protein. We therefore transfected the plasmid that expresses the Flag-tagged RPMS1 ORF (Fig.  5A ) into 293 cells and assayed Flag-tagged RPMS1 expression by immunofluorescence. Clear nuclear expression of the protein was observed (Fig. 5C) .
The RPMS1 protein was tested for its ability to bind to CBF1. Radiolabeled CBF1 was prepared by in vitro transcription and translation. The product was mixed with various GST fusion proteins (Fig. 6A) containing part of RPMS1 or control proteins. Complexes were isolated on glutathione-agarose beads, washed free of unbound CBF1, and analyzed by SDS-PAGE and fluorography (Fig. 6B) . The input levels of the various GST fusion proteins into the assay were tested by Western blotting with an antibody to GST (Fig. 6C) . GST-RPMS1 fusion protein was found to be very susceptible to degradation, even though protease inhibitors were present during the purification. Although binding to this protein could readily be observed (data not shown), it is not illustrated in Fig.  6 because most of the fusion protein containing full-length RPMS1 was degraded. The fusion protein containing amino acids 34 to 103 of RPMS1 was much more stable (Fig. 6C, track  2) and was found to bind to CBF1 (Fig. 6B, track 2) . No binding was detected to GST alone, an unrelated GST fusion protein (ECRF4), or the RPMS1A protein.
Because of the relatively high concentrations of target proteins that are used in the pull-down assay, we also tested whether the interaction between CBF1 and RPMS1 was sufficiently strong to be detected in a two-hybrid association experiment in yeast. Wild-type CBF1 and various deletion mutants (Fig. 7A) were constructed as fusion proteins with the activation domain of Gal4 in a vector suitable for expression in yeast. This vector confers growth on yeast plates lacking leucine. The plasmids were introduced into yeast in the presence of a plasmid expressing RPMS1 fused to the DNA binding domain of Gal4. This plasmid also encoded a gene allowing yeast cells to grow on medium lacking tryptophan. As expected, yeast containing both plasmid types grew on plates lacking Leu and Trp (Fig. 7B ), but only constructions containing amino acids 310 to 500 of CBF1 were able to grow on plates also selecting for histidine auxotrophy (Fig. 7C) . Growth on His-deficient plates (containing 3-AT to enhance the His selection) requires interaction between the Gal4 hybrid proteins to induce expression of the gene allowing synthesis of His, indicating that amino acids 310 to 500 of CBF1 are sufficient to interact with RPMS1. Since CBF1 amino acids 179 to 361 were not able to interact, amino acids 362 to 500 are likely to contribute to the sequence that interacts with RPMS1.
Comparison of the RPMS1 protein sequence with sequences of other transcription factors did not suggest the presence of a transcription activation domain in RPMS1, but the binding data ( Fig. 6 and 7 ) implied that RPMS1 might be able to compete with the binding of EBNA-2 or NotchIC to CBF1, preventing their transcription activation through CBF1. This was tested by cotransfection of an expression vector for RPMS1 in reporter assays on promoters induced by EBNA-2 or NotchIC (Fig. 8) . The promoters used were either an artificial promoter composed of eight concatemerized CBF1 binding sites upstream of the HSV thymidine kinase promoter with a luciferase reporter or part of the EBV Cp promoter concatemerized with a CAT reporter. As expected, EBNA-2 and NotchIC both induced reporter gene expression. In both cases, this induction was prevented by RPMS1, but mutated RPMS1, in which the WW was changed to SR, was much less effective. A truncated RPMS1 (containing amino acids 34 to 103, just retaining the WW) still inhibited Notch1 transactivation (Fig.  8B ) but was less effective at inhibiting EBNA-2 transactivation (Fig. 8A) . The mutations in the RPMS1 protein did not prevent the localization of the protein to the nucleus, nor did RPMS1 reduce the expression of EBNA-2 in cotransfection assays (data not shown).
These reporter assay results show that RPMS1 can act as an antagonist of EBNA-2 or Notch1 transcription activation. On the Cp promoter not all of the transactivation by EBNA-2 is mediated through the CBF1 interaction (8), perhaps accounting for the difference between Notch1 and EBNA-2 sensitivity to the RPMS1(34-103) mutant.
A73. The second CST ORF we have studied is A73. Although our longest A73 clone extends farther in the 5Ј direction than those reported previously (6, 36, 43), we suspect that even this is not a full-length cDNA for A73. The isolated A73 ORF was cloned into an expression vector with a Flag epitope tag at the C terminus of the protein. transfected into cells, the tagged A73 protein was readily detected and was found to be cytoplasmic (Fig. 9A) . The function of A73 being unknown, it was tested in a yeast two-hybrid screen using a library from HeLa cell RNA to search for potential binding partners. Eight strongly positive binding clones were isolated in this screen. When sequenced, five of them were found to be derived from human RACK1 (receptor for activated C kinase) (33), a 36-kDa WD repeat protein (29) . Sequencing showed that at least four of the clones were independent isolates of RACK1 from the library. The structures of the RACK1 cDNAs are shown in Fig. 9B . The variant form of RACK1 that would be encoded by the clone starting at 152 has not been described previously. The two-hybrid interaction of A73 with RACK1 is illustrated in Fig. 9C ; the left plate was under selection to show the presence of both plasmids in the yeast cells, and the right plate was under further selection so that only yeast cells in which the two-hybrid interaction was successful would grow. Sector 1 (A73/RACK1) and the positive control (sector 3) grew under these conditions, but the two negative controls did not. All of the RACK-1 cDNAs isolated by the two-hybrid procedure were partial, and the structures show that only amino acids 170 to 317 of RACK1 were required for the association with A73 in yeast.
Like A73, RACK1 is a cytoplasmic protein (33) ; in the two-hybrid experiment it was transferred to the yeast nucleus by a nuclear localization signal within the LexA fusion partner. To further validate the interaction between A73 and RACK1, plasmids expressing a GST-A73 fusion or two control proteins, GST-RPMS1, and GST-RPMS1(34-103), were transfected into 293 cells, which contain endogenous RACK1. The cells were treated with PMA for 30 min, and extracts were applied to glutathione-agarose beads; bound proteins were isolated and tested for the presence of RACK1 by Western blotting. All of the cell extracts contained RACK1 (Fig. 9D , left) but only the GST-A73 pulled down RACK1 protein (Fig.  9D) . Control transfection of an A73 expression construction lacking GST did not bind RACK1 to the glutathione beads, supporting the specificity of the interaction. The lack of interaction between RACK1 and the control GST-RPMS1 and GST RPMS-1(34-103) proteins could not be attributed to a lack of expression since by Western blotting these control proteins were somewhat more abundant than the GST A73 fusion protein (Fig. 9E) . The PMA treatment, which is frequently used to activate RACK1, did not affect the expression levels of the GST fusion proteins.
Two protein bands were detected on SDS gels using the RACK1 antibody. In this context it is interesting that one of the RACK1 clones was spliced differently from the published cDNA and might represent an alternative form of RACK1, but this has not been investigated.
The three remaining cDNAs isolated in the A73 two-hybrid screen encoded ␤5-integrin, protein KIAA0547 (28) (EMBL accession no. AB011119; of unknown function), and a further protein which was not detected in the EMBL, GenBank, or EST databases at the time of submission. The ␤5-integrin interaction with A73 is most probably direct, but it could also be an indirect interaction through RACK1. These three interactions have not yet been investigated.
DISCUSSION
Although they are not essential for immortalization of B cells in culture (20, 32) , there is considerable evidence for expression of the CST RNAs in several types of human cancer (3, 6, 11, 15, 17, 19, 31, 43) . Viral gene expression in tumor cells is usually very restricted, presumably to allow the tumor to avoid immune surveillance, perhaps suggesting a functional role for a product of the CST RNAs (or the RNAs themselves) in the tumor. By RNase protection of several exons, we have additionally confirmed that CST RNAs are also expressed at a low level in LCLs.
Many different spliced CST structures have been reported, but there has been little attention directed to the relative levels of expression of these different forms, and in some cases structures have been inferred by combining various overlapping partial cDNAs or PCR products, with no direct evidence for the combined structures. The emphasis in this paper has been on the most abundant CST RNA structures in the hope that this will direct attention to significant gene products. This allows an initial simplification of the complex pattern of transcripts. The only transcription start that we identified is at the previously mapped exon I, beginning between 150640 and 150645. Further mapping of exon I by RNase protection, primer extension, and sequencing of apparently full-length RPMS1 cDNAs indicates that this is a major initiation site for CST RNAs. We did not find evidence for significant transcription from the few hundred nucleotides upstream of exon I, although another study has indicated that there may be a low level of RNA initiated upstream of 150640 to 150645 (36) . Our strategy for isolating full-length cDNAs (a library screen requiring hybridization with probes for exon I and exon VII) biased the selection of long clones to those starting at exon I. Nevertheless, further screening with probes in exons V and VII revealed only RNAs that were consistent with the RPMS1 structure or the A73 type. It is at present unclear whether the A73 RNA initiates at exon I or another promoter. In contrast to the dense packing of genes in the rest of the EBV genome, there are several kilobases of DNA containing no mapped features within the region covered by the CST transcription unit; thus, it is quite possible that other promoters, splicing patterns, ORFs, or unknown genetic elements remain to be discovered in this region of the genome.
RPAs using probes containing the spliced RNA sequence across CST RNA splice sites allowed measurement of their abundance as a proportion of the total RNA hybridizing to the probe. These assays confirmed that the RNAs covering the RPMS1 and A73 ORFs are significant proportions of the CST family of transcripts. RPMS1 and A73 are the longest ORFs with initiator ATG codons in the RNAs apart from BARF0, suggesting that they may be expressed as proteins. We propose that the BARF0 ORF, which has attracted the most attention, is not expressed from most of the CST RNA. It might be translated from a minor fraction of the RNA, perhaps as an RK-BARF0 form (10, 21) . RNA that might express BARF0 with a functional termination codon was not detected in our screens.
BARF0 overlaps the BALF3 ORF on the opposite strand of the EBV genome. Although RNA encoding BALF3 has not yet been detected, the conservation of BALF3 equivalents in other herpesviruses (Fig. 4A ) and the essential role of UL28 in HSV argue that BALF3 is likely to be a functional ORF. In human herpesvirus 8 (HHV8) and herpesvirus saimiri, there is no ORF equivalent to BARF0 on the strand opposite their BALF3 equivalents (orf7 and KRF2). Although the AATAAA sequence that acts as part of the polyadenylation signal for the CST RNAs is conserved in HHV8, in exactly the same position relative to the poly(A) site on the opposite strand for BALF2 (Fig. 4B) , RNAs equivalent to the CST RNAs have not yet been found in HHV8-infected cells, and it might be that the presence of the CST AATAAA site in HHV8 is a coincidence since the protein sequence of BALF3 is conserved at that position between EBV and HHV8 and the amino acids at that position (FYC) have few possible codons in the genetic code.
Also, codon usage analysis supports the idea that BALF3 is an expressed gene in some circumstances. EBV has a relatively GC-rich DNA sequence (66.4% GC) in the BALF3 region, and the constraints imposed by the required amino acid sequence of a protein result in codon selection which concentrates the excess GC in the third position of the codons, where it has relatively little effect on the protein sequence. The presence of a systematic third-position enhanced GC constitutes strong evidence for the validity of the ORF and is particularly clear in BALF3, which has 67.0, 50.0, and 82.2% GC in the first, second, and third codon positions, respectively, a relative bias that is maintained throughout the ORF. Corresponding reciprocal analysis of BARF0 in the region overlapping BALF3 puts the highest GC (82%) in the first position of the codons, strongly skewing its potential amino acid content.
We have assembled a considerable amount of data suggesting that RPMS1 and A73 may be functionally significant and implying that it will be worthwhile to search further for these proteins. We showed that it is possible to express RPMS1 from the full-length cDNA both by in vitro translation and by transfection into cells. The RPMS1 protein was found to bind to CBF1, a mediator of Notch signaling and a target for the EBNA-2 and EBNA-3 proteins of EBV. Binding was demonstrated in vitro using a pull-down assay and in a yeast twohybrid system. Epitope-tagged RPMS1 was shown to be located in the nucleus of transfected cells, like CBF1. RPMS1 antagonized Notch-or EBNA-2-mediated activation of transcription at promoters with CBF1 binding sites, suggesting a role for RPMS1 in virus-infected cells. The most obvious potential role for RPMS1 would thus be as a negative regulator of Notch pathway signal transduction, as has been proposed for EBNA-3 family proteins and suggested by the transcription assay we used. It should be noted that RPMS1 may be overexpressed relative to EBNA-2 and NotchIC in the experiment shown in Fig. 8 (the CMV promoter used for RPMS1 expression is about fivefold stronger in human cells than the SV40 promoter assayed on EBNA-2 expression), and so the significance of the effect of RPMS1 in EBV-infected cells remains to be determined. However, it is interesting that Notch expression is very low in undifferentiated epithelial cells (42) , and so there might only be a very low level of NotchIC with which RPMS1 would have to compete. It might also be that RPMS1 has another effector function related to CBF1 that we have not measured in our assays. The slightly lesser inhibitory effect of RPMS1 on EBNA-2 transactivation of Cp-CAT (Fig. 8) than on the CBF1 luciferase target might reflect different affinities of EBNA-2 and RPMS1 for CBF1 in the context of the two promoters.
The A73 ORF is of particular interest since cDNAs containing this splicing pattern have been isolated by several groups from different types of tumor cell, including NPC (6) . The association of A73 with RACK1 in the two-hybrid assay and transfected cells (Fig. 9) suggests a possible role for A73 in EBV-associated cancers. The region of EBV containing the A73 ORF is not required for immortalization of human B lymphocytes (20, 32) , but a contribution of EBV to cell transformation, or a role in epithelial cells, might work by a different mechanism. Bearing in mind the expression of CST RNAs in various tumors, the ability of RACK1 to bind to certain protein kinase C isoforms, serving as a scaffold or anchor protein (27, (33) (34) (35) , is of considerable interest. The ability of RACK1 also to interact with the ␤-integrin signaling protein (26) and cyclic AMP-specific phosphodiesterase PDE4D5 (41) is also suggestive of a functional role for A73. Furthermore, RACK1 interacts with the tyrosine kinases Src and Lck, inhibiting their activity (4), and RACK1 constitutive expression was reported to reduce the growth rate of NIH 3T3 cells, perhaps through inhibition of Src family kinases (4) . The interaction that we have observed suggests that the EBV A73 protein might modulate the activity of RACK1. It is thus possible that the A73 protein might modify signaling through some of these proteins and mediate a contribution of EBV to tumor cell development. In view of the involvement of protein kinase C and the need for PMA treatment to allow association of RACK1 with some of its targets (25) , it is interesting to recall earlier epidemiological studies (43) which suggested a link between the incidence of NPC and the presence of phorbol esters in the environment. It has also been proposed that EBV and phorbol esters might cooperate in the transformation of primary human epithelial cells (40) . Transformation of monkey epithelial cells using an EBV cosmid which contains the CST gene region was reported (14, 19) . Further understanding of the potential role of A73 will thus depend on whether the A73 protein is expressed in human tumor cells and on functional analysis of A73 in cell transformation assays.
The results shown in this paper provide a fresh perspective on the CST RNAs and give the first functional insights into potential protein products of CST RNAs other than the BARF0 ORF. The data suggest that investigation of the ORFs in the RNAs upstream of BARF0 may clarify the function of this poorly understood part of the EBV genome, which represents the EBV genomic region transcribed most abundantly into mRNA in NPC.
